The numerous Zn-Pb deposits in the Irish midlands, together with the quantity and grade of the ore, make this a world-class base metal province. Despite significant exploration and research, there is still disagreement on the origin of the mineralizing fluids. In this study, we have measured the composition of fluid inclusions using a crush-leach technique. These data constrain the possible sources of the fluids both during and after mineralization. Chloride and Br concentrations indicate that the main ore fluid at Tynagh and Silvermines was seawater that had evaporated until the salinity was between 12 and 18 wt percent. However, Na, K, and Li data show that water-rock interactions have resulted in the depletion of Na and the enrichment of K and Li relative to the concentrations expected for evaporated seawater. The fluids that produced postore dolomitization were also derived from seawater that had evaporated to higher salinities and had precipitated halite. The concentrations of Na, K, and Li are what would be expected for seawater at this degree of evaporation, and show that these fluids did not interact with the same lithologies as the ore fluids. The major change to their fluid composition was exchange of Mg for Ca during dolomitization. We suggest that the ore fluids could only have reached their high salinity by evaporation of seawater on the extensive shallow water shelf regions that existed over much of the Irish midlands.
Introduction
THE NUMEROUS, large, base metal deposits, hosted by Carboniferous rocks, make the Irish Midlands one of the major Zn-Pb provinces in the world. The total reserves, some of which have been exploited, comprise some 160 million metric tones (Mt) at an average grade of 7.2 percent combined Zn + Pb. Currently, the most important deposits are Navan, 90 Mt at 10.5 percent Zn + Pb, Lisheen, 14.4 Mt at 11.7 percent Zn and 2 percent Pb, and Galmoy, 6.7 Mt at 11.9 percent Zn + Pb. Mining activity was prompted by the discovery of the major deposits at Tynagh (1961) and Silvermines (1963) , which contained 9.9 Mt and 17.7 Mt at grades of 8.1 and 8.9 percent Zn + Pb, respectively (Johnston et al., 1996) .
Despite the economic importance of these deposits and ongoing exploration in this region, there is still significant debate about the genesis of the deposits. Many of the factors that contributed to the formation of the deposits are known, but in general, it is the end process of mineralization that is best understood. Some of the major questions that remain unanswered are as follows: what was the origin of fluids involved in the mineralization, what mechanisms induced flow, and what were the pathways of fluid flow? There are currently three models that seek to answer to these questions. The model of Russell (1978 Russell ( , 1986 proposes that, during a period of extension and high heat flow, hydrothermal convection cells developed, in which Carboniferous seawater, or evaporated seawater, penetrated the crust to depths of 8 to 15 km and leached metals from the thick Caledonian geosynclinal pile. The fluids were then returned to the sites of mineralization via faults. The model of Hitzman and Beaty (1996) proposes that there was regional fluid flow similar to that of the North American Mississippi Valley-type deposits. They suggest that fluids were driven by a hydrologic head, supplied by the Hercynian mountains to the south, using the Old Red Sandstone as an aquifer. The fluids may have been heated by relatively deep flow or by a higher than normal geothermal gradient at shallower flow depths. Metals are thought to have been sourced from destruction of minerals within the Old Red Sandstone. The source of the fluid is not fully explained but, as the Old Red Sandstone is a fluviatile sequence, the observed salinities would require the dissolution of evaporites. Similarly, the "stratal aquifer" model of Lydon (1986) suggests that metals were predominantly derived from the Old Red Sandstone (with possibly some minor basement contribution), and demand an Old Red Sandstone sequence on the order of 2 km in basins adjacent to Navan and Silvermines. In addition, this model predicts an evolution of the fluids to higher temperatures and lower salinities with time.
Constraints on the temperature and salinity of the ore fluids have been obtained from fluid inclusion studies of the ZnPb-Ba deposits, principally Silvermines (Samson and Russell, 1987) , Tynagh (Banks and Russell, 1992) , and from Ballinasloe, close to Tynagh (Wilkinson and Earls, 2000) . Data from studies of other deposits, Lisheen Thompson et al., 1992; Eyre et al., 1996) , Navan (Rizzi et al., 1993) , Tatestown and Moyvoughly (Probert, 1983) , and Abbeytown (Hitzman, 1986) , are less extensive. The general consensus from these studies is that two fluids were involved in the ore-forming process, and none indicates an evolution of a single fluid as required by the model of Lydon (1986) . The fluid carrying the metals (primary fluid inclusions in sphalerite) had a salinity of between 12 and 18 wt percent NaCl equiv and a temperature of 200°to 280°C. The second fluid, which is believed to be the reservoir for reduced sulfur, had a higher salinity of approximately 25 wt percent NaCl equiv and a temperature of less than 140°C. There is evidence to suggest that mixing of the two fluids occurred (Samson and Russell, 1983, 1987; Banks and Russell, 1992) , partly in the subsurface and partly when the hot, metal-bearing fluid exhaled into high-salinity brine pools in the Carboniferous Sea. The importance of the second fluid cannot be overestimated, as quantitative calculations from the Navan deposit indicate that more than 90 percent of the sulfide in the ores was derived from open-system bacteriogenic sulfide (Fallick et al., 2001 ). This sulfide was most likely contained in a surface-derived brine (Everett et al., 2001) , although a brine pool was also suggested to have contained the sulfide at Silvermines (Boyce et al., 1983a) .
This study aims to more fully constrain the source and history of the fluids involved in mineralization and those involved in alteration, specifically dolomitization of the Waulsortian limestone that produced pink saddle dolomite and calcite in vugs and fractures. This "hydrothermal dolomite" is principally a feature of the mineralized areas and is not commonly found elsewhere in the Irish Carboniferous sedimentary sequence.
Geological Setting
The basement rocks beneath the Irish ore deposits are composed of Lower Paleozoic greywackes, slates, volcanic rocks, and volcaniclastic sedimentary rocks, and are cut by granitic intrusives of Caledonian age (Bruck et al., 1979; Murphy and Hutton, 1986; Murphy, 1987) . These are unconformably overlain by Old Red Sandstone continental red beds that covered much of the Irish Midlands (Clayton et al., 1980; Holland, 1981; Philips and Sevastopulo, 1986) . These are thickest in the south, reaching some 6 km, but thin rapidly to the north and are only a few tens of meters thick in the Irish Midlands and beneath most of the large Pb-Zn deposits (Gardiner and MacCarthy, 1981; Williams et al., 1989) .
During late Devonian to early Tournasian times, the southern margin of the Old Red Sandstone continent was affected by a northerly encroaching marine transgression (Philcox, 1984) . Basal Tournasian sedimentary rocks are marked by a thin shale unit, which records the change from fluviatile Old Red Sandstone to shallow marine conditions, during which the extensive shelf seas deposited a sequence of siltstones and calcareous shales. During this period, there is evidence for evaporite deposition (Fig. 1 ) in northwest and central Ireland (Phillips and Sevastopulo, 1986) , and also in the successions at Silvermines (Boyce, 1990) and Navan (Anderson et al., 1998) . Evaporites have also been recorded along the margins of the Longford Down Massif (West et al., 1968) , where it is thought there was an evaporitic tidal flat. These are overlain by well bedded, argillaceous limestones, which were deposited in a deeper water environment. Towards the top of this limestone sequence, the upper Tournasian-lower Visean sedimentary rocks, which are the most important host rocks to Pb-Zn mineralization in Ireland, in part grade into the massive, pure limestones of the Waulsortian mudbank facies. These eventually covered several thousand square kilometers (Lees, 1961 (Lees, , 1964 , with the thickest accumulations in Cork (700 m) and the Shannon estuary (>1,000 m). The greater thickness in the south and west reflects areas where basin subsidence was rapid (Boyce et al., 1983b) , in contrast to the more stable shelf to the northwest on which mudbank development was restricted to small clusters and individual mounds. The mudbanks grew in quiet water below the edge of the shelf in a position analogous to that of modern-day barrier reefs and attained dimensions of up to 300 m thick and 1,000 m long. Their main constituent is micrite, with minor amounts of bioclastic material, usually byrozoans, crinoids, and shell material. Sevastopoulo (1981) , Boyce et al. (1983b) , Philcox (1984) , Phillips and Sevastopoulo (1986), and Russell (1986) .
Stromatactoid cavities, infilled by postdepositional lime mud and sparry calcite, are common. The main Irish Midlands basin was subdivided into smaller half-graben basins (Williams and Brown, 1986) , and there is evidence to suggest that deposition occurred during active crustal extension (Taylor and Andrew, 1978; Taylor, 1984; Ashton et al., 1986) . The fossil evidence in the mudbanks at Silvermines fits with the late phase-B mudbank position on the depth-versus-faunal component diagram of Lees and Miller (1985) , indicating a depth of up to 250 m during formation (Boyce, 1990) .
Mineralization
Mineralization in Ireland is hosted by nonargillaceous limestones, and is generally developed at the base of the Tournasian sequence in any given area. Two specific units are the most important ore hosts. In the north, the Navan Group, a sequence of shallow water limestones and micrites, hosts Navan and surrounding deposits. Further south, the Waulsortian limestone is the host to deposits such as Silvermines, Tynagh, Lisheen, and Galmoy. The mineralization has been described in a number of reviews and the reader is referred to these for details Bowden et al., 1992; Andrew, 1993; Hitzman and Beaty, 1996; Johnston, 1999) .
The mineralization at Tynagh is located in the hanging wall of an easterly trending normal fault, which has a maximum throw of some 600 m and was active during ore deposition (McMoore, 1975) . The fault forms the northern boundary of an Old Red Sandstone inlier. Hypogene mineralization comprises galena, sphalerite, and pyrite with minor chalcopyrite and tennantite, often intimately mixed with baryte (Derry et al., 1965; Schultz, 1968; Riedel, 1980; Boast et al., 1981a) . Although the majority of the ore was clearly epigenetic (Boast et al., 1981a) , some mineralization was demonstrably synsedimentary (Banks, 1985) . A banded iron formation that extends north for some 650 m from the Tynagh fault (Schultz, 1966; Russell, 1975) has been shown to replace limestone (Cruise, 1996) ; however, an early diagenetic origin for the iron is favored (Cruise et al., 1999) . After ore deposition, dolomitization of unmineralized limestones occurred together with the precipitation of calcite, dolomite, and minor chalcopyrite in veins and cavities.
At Silvermines, mineralization is located on the northern margin of a lower Palaeozoic inlier adjacent to the approximately northeast-southwest-trending Silvermines fault system. Three main faults in the deposit control the location of the ore and are believed to have acted as conduits for the hydrothermal fluid. The total northward downthrow of the main fault system was some 200 to 300 m (Rhoden, 1958; Taylor and Andrew, 1978; Taylor, 1984) . Sphalerite and galena are again the primary ore minerals, but, in addition, barite from the nearby Magcobar deposit (5.5 Mt at 84% BaSO 4 ) was a significant resource. Other sulfides found in lesser amounts include marcasite, chalcopyrite, arsenopyrite, and a variety of sulphosalts. Pyrite was a major component of the stratiform ores (Taylor, 1984; Boyce, 1990) . As at Tynagh, there is clear evidence of epigenetic and synsedimentary styles of mineralization (Taylor and Andrew, 1978: Taylor, 1984; Samson and Russell, 1987) .
Samples and Analysis
Samples for leachate analysis were chosen from those previously studied by microthermometry, the results of which are reported in Samson and Russell (1987) , Banks (1987) , and Banks and Russell (1992) . The fluid inclusion microthermometry results are consistent between both deposits and indicate the presence of two fluids. Fluid 1, the inferred ore fluid because it is found in primary inclusions in sphalerite, was of moderate salinity and high temperature (ca 15 wt % NaCl equiv and 250°C), whereas Fluid 2 was of lower temperature and higher salinity (ca 25 wt % NaCl equiv and 140°C). Although the salinities are close to halite saturation, no inclusions were found to contain halite daughter crystals. Samples analyzed from the Silvermines deposit are from mineralization in the feeder zones and contain examples of Fluid 1. Samples from Tynagh include postore calcites that precipitated in vugs with pink saddle dolomite and contain Fluid 2, whereas samples of ore-stage carbonate veins, barite, and sphalerite contain Fluid 1. The majority of samples contain one dominant fluid and so, in general, the crush-leach analysis did not sample different fluid populations.
Samples were crushed to a grain size of approximately 1 mm and contaminant minerals removed by hand picking under a binocular microscope. Samples were then boiled three times in 18.2 MΩ deionized water and dried prior to analysis. Between 0.5 and 1 g of sample was crushed in an agate pestle and mortar and the powder transferred to small polycarbonate containers, to which between 5 and 7 mL of water was added and then shaken. Each sample was filtered through a 0.2-µm nylon filter prior to analysis. The anions, Cl, and Br, were analyzed by ion chromatography and Na, K, and Li, were analyzed by flame emission spectroscopy (LaCl 3 was added to give a concentration of 200 ppm La in each sample to prevent ionization of the alkalis during analysis).
Results
The analyses have been recalculated to the best estimate of their concentration in the fluid inclusions and are presented in Table 1 . Recalculation was based on the mean Cl content of the inclusions calculated from the salinity determined by microthermometry and the analyzed Cl concentration in the crush-leach solution:
There is an error associated with the absolute concentrations of the reported elements primarily due to the determination of salinity by microthermometry, which generally covers a small range of values, and in the assumption that the inclusion fluids are represented by the H 2 O-NaCl system. However, the elemental ratios are more accurate, depending only on the accuracy and precision of the analytical techniques, and in this study have a maximum error of between 5 and 10 percent based on replicate sample analyses.
The main ions in the fluid inclusions are Na and Cl, but there is a lack of sufficient cations in the analyses to achieve
CONSTRAINTS ON THE ORIGINS OF FLUIDS FORMING IRISH Zn-Pb-Ba DEPOSITS
charge balance. The majority of this is attributable to Ca (see below), which was expected from the microthermometry results and from previous studies of the Silvermines fluid inclusion compositions (Banks, 1987; Samson and Russell, 1987; Banks and Russell, 1992) . There are significant variations in the elemental ratios between and within the different sample groups from Silvermines and Tynagh (Fig. 2a, b ), but two distinct trends can be defined from the data. All the Silvermines samples have approximately the same Na/Li ratio of 125 but have a wide range in Na/K ratios, from 2 to 15 with one value of 36. The values below a Na/K ratio of approximately 5 are likely to have been affected by K contamination from mineral inclusions within the quartz that were too small to have been located and removed prior to analysis. Micron-sized grains of K-feldspar or biotite would be sufficient to affect the K concentration in the leachates. The Cl/Br molar ratios of the majority of samples from Silvermines are between 550 and 750, with two samples having significantly higher ratios. In general, the Tynagh ore-stage carbonate, sphalerite, and baryte samples have Na/K and Na/Li ratios that are similar to those from Silvermines. Some Cl/Br molar ratios overlap those from Silvermines, but several values are distinctly lower. The Tynagh postore carbonates are distinct from the other Tynagh samples and those from Silvermines. The majority of the Cl/Br molar ratios are lower than approximately 400, and the Na/Li ratios are significantly higher and cover a large range 474
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0361-0128/98/000/000-00 $6.00 474 Abbreviations: G = G-Zone, GND = gortnadyne, GW = Garyard West, K = K-Zone, nd = not determined, SHWH = Shallee White, WS = West Shallee 1 Salinity in wt % NaCl equiv determined by microthermometry 2 The salinity of G-23 was not determined and the values in italics are ratios normalized to a nominal Na value from 300 to 2,600. The Na/K ratios are within the range of the other samples.
Halogens as Indicators of the Source of Salinity
Halogen ratios, specifically Cl/Br, are useful indicators of the source of salinity of a fluid, especially if seawater is believed to be involved. This is because Cl and Br are essentially conservative in solution and, in the absence of halite, fluidrock interactions do not normally affect their concentrations in solution (see Fontes and Matray, 1993 , for a review of the conservative nature of halogens and the concentrations of major ions in seawater during evaporation). During the evaporation of seawater, the concentration of Cl rises from 19,300 to 145,800 ppm, at which point halite begins to precipitate. Likewise, the Br concentration rises from 67 to 480 ppm at halite precipitation, but maintains a constant Cl/Br (m) ratio of 655 to this point. As halite precipitation proceeds, Br is preferentially enriched in the residual brine because the Br ion is larger than Cl and, therefore, less compatible with the structure of halite (distribution coefficient of Br into halite is 0.032; Holser, 1979) . The Br concentration at the end of halite precipitation is 2,310 ppm. Therefore, during halite precipitation, the Cl/Br molar ratio continually decreases. The initial halite that precipitates contains 65 to 75 ppm Br (Holser, 1979; Herrmann, 1980) and, if dissolved, would have a Cl/Br molar ratio of approximately 20,000. At the end of halite precipitation, the Br concentration of the salt rises to approximately 200 ppm and the Cl/Br molar ratio decreases to approximately 7,000. The halogen ratios of evaporites are, however, complicated by the fact that the residual brine, from which the halite precipitated, may be contained in pores and fluid inclusions. Evaporites may have initial porosities as high as 40 to 50 percent (Sonnenfield, 1984) and may, therefore, contain appreciable residual bittern fluid. If such evaporites were dissolved, the effect would be to lower the Cl/Br molar ratio from that expected from dissolution of pure halite. Furthermore, in some circumstances, Br is believed not to be conservative (Land and Prezbindowski, 1981; Hanor, 1987) . For example, Br may be enriched in fluids by leaching Br-rich organic matter (Collins, 1975) .
Nevertheless, in most instances, the Cl/Br molar ratio is still considered to distinguish seawater (Cl/Br molar ratiõ 655) from residual brines (Cl/Br < 655) and from fluids that have dissolved evaporites (Cl/Br >> 655), and can therefore be used as an indicator of the source of salinity.
Source of salinity in the Irish ore fluids
The Cl-Br characteristics of the fluids related to the mineralization at Tynagh and Silvermines are shown in Figure 3 in part, contain a component from the dissolution of halite. The majority of samples, however, have Cl/Br molar ratios that are consistent with evaporation of seawater that had not reached halite saturation.
The majority of Tynagh postore carbonates (two exceptions) also lie close to the seawater evaporation line, but their salinities are higher than the Silvermines fluids. Their position indicates that they are residual brines, i.e., they are derived from seawater that has evaporated past the point of halite precipitation (Fluid 2), as they have Cl/Br molar ratios that are lower than seawater. The remaining Tynagh fluid inclusions fall into two distinct groups, each containing ore and postore carbonates and ore minerals. The first contains inclusions with a seawater Cl/Br molar ratio but having variable salinities, including two in which the salinity is less than in seawater. This may be indicative of dilution of seawater or evaporated seawater by meteoric water. The second group of fluid inclusions has Cl/Br molar ratios that are similar to residual brine and a range of salinities that are indicative of dilution of the residual brine by seawater or meteoric water.
In Figure 4 , the Na/Br and Cl/Br ratios of the fluids are used in a manner similar to that of Kesler et al. (1995) . In this type of diagram, the variable salinity of different samples is removed from the consideration of solute sources. The majority of Silvermines fluid inclusions (Fluid 1) cluster around the Cl/Br ratio of seawater, but some samples have lower Cl/Br ratios. With one exception, they have Na/Br ratios lower than seawater and plot above a line representing evaporated seawater, indicating that there has been exchange of Na for other cations. The Tynagh postore carbonates (Fluid 2) have, in general, markedly lower Cl/Br and Na/Br ratios and plot near the seawater evaporation line. Their position again indicates that these fluids were derived from seawater that had precipitated halite and that they have been relatively unaffected by exchange reactions involving Na. The fluid inclusions in ore-stage carbonates, two postore carbonates, and the ore minerals have a range of Cl/Br and Na/Br ratios that encompasses the values of the previously discussed samples. These ore-stage fluids are similar to the equivalent fluids from Silvermines. The spread in the data shown by the orefluids at Tynagh is likely to represent a mixing between two different seawater-related fluids.
Overall, the halogen content of the fluid inclusions indicates that the fluid involved in the mineralization at Silvermines and Tynagh was seawater that had evaporated to different degrees. The ore fluids at Silvermines and Tynagh had not precipitated halite, whereas the fluid inclusions in postore carbonates are residual brines remaining after halite precipitation. The fluid inclusions related to the ore-stage at Tynagh represent mixing of evaporated seawater, probably similar to the ore fluids at Silvermines, and residual brines with meteoric water or seawater.
Primary halite has a Cl/Br molar ratio of ca 20,000 and so fluids from the dissolution of halite would plot close to the 1:1 line on Figure 4 with very large Cl/Br and Na/Br ratios. We have not analyzed any fluid inclusions with such large ratios and, therefore, we have no evidence that any of the fluids have been derived by dissolution of evaporites.
Modification of Fluid Compositions by
Water-Rock Interactions In contrast to Cl and Br, which are conservative in solution, Na, K, and Li are easily changed from their original concentration in the fluid by water-rock interactions and reflect the accumulated reactions along the flow path and at the site of ore deposition. In this instance, the halogen data indicate that seawater was the source of the fluids and, therefore, the change in elemental concentrations from those expected during seawater evaporation is likely to reflect fluid-rock interactions.
The Na-and K-versus-Cl concentrations of the reconstructed fluid inclusion compositions are plotted in Figure 5 and, for both elements, there is significant deviation, from values expected from the evaporation of seawater, for the orestage fluids. Ore-stage fluids (Fluid 1) at Silvermines and Tynagh have reduced Na and elevated K concentrations, compared to the levels expected for the relevant salinities. However, the magnitude of the Na reduction was not matched by the increase in K and, therefore, their concentration in the fluid was, at least in part, controlled by different exchange reactions. Exchange of Na for Ca in plagioclase and the formation of albite is a commonly observed reaction and is likely to account for a substantial amount of the Na deficit. Similarly, albitization of K-feldspars is likely to account for the increases in K concentration.
The fluid inclusions in the postore carbonates (Fluid 2) have Na, K, and Cl concentrations that are exactly what would be expected from seawater that had evaporated and precipitated halite, and, in Figure 5 , plot on the seawater evaporation line. This is consistent with the Na/Br and Cl/Br molar ratios (Fig. 4) , which suggests limited exchange of Na for other cations in these samples. If this is the case, then these fluids have not interacted with the same lithologies as the ore fluids. Although these fluids were at lower temperatures than the ore fluids, had they followed the same flow path, waterrock interactions would still have lowered Na and increased K concentrations. At these salinities, evaporated seawater would have high concentrations of Mg and little Ca (Fontes and Matray, 1992) . Data from Silvermines fluid inclusions (Samson, 1983; Samson and Russell, 1987) shows the opposite to be true as these inclusions contain significant concentrations of Ca, but little Mg. Similar high Ca, low Mg concentrations are frequently observed in high-salinity brines (Carpenter et al., 1974) and are attributed to dolomitization. It is likely that the only significant modification to the composition of Fluid 2 can similarly be attributed to dolomitization.
The analyses show a charge deficit between anions and cations that is most probably attributable to Ca. A high Ca concentration is supported by the microthermometry data (Banks, 1987; Banks and Russell, 1992 ) and a previous crushleach study on samples from Silvermines by Samson and Russell (1987) . In addition to the albitization of plagioclase, there are other processes that could have contributed Ca to the inclusion fluids. If the hypothesis presented here that the fluids formed by evaporation of seawater is correct, then the high salinities of the ore fluids would predict that the Ca concentrations should be minimal because of gypsum precipitation (Fontes and Matray, 1993) . High-salinity brines in sedimentary sequences commonly have Ca as their second most abundant cation (Carpenter et al., 1974) , and these high Ca contents may be attributed to water-rock interaction, including dolomitization, or to the alteration of plagioclase, clinopyroxene, or basaltic glass (Seyfried and Bischoff, 1977) . Oilfield brines (Carpenter et al., 1974 ) that have been modified by dolomitization have Ca/Mg ratios of approximately 10. Samson and Russell (1987) and Banks (1987) measured ratios, similar to those found in oilfield brines, in fluid inclusions from Silvermines and Tynagh, suggesting that the ore fluids have been involved in dolomitization and that not all the dolomites in these deposits are postore.
The Li concentrations in the fluid inclusions are also substantially higher than what would be expected from seawater. At the start of halite precipitation, the concentration of Li is 1.5 ppm and, at the end, is 9 ppm (Fontes and Matray, 1993) . The ore-related fluids from both deposits have values of tens to several hundred ppm. Limestones and most feldspars are not a viable source of Li and so the alteration that produced the depletion of Na and increases in K and Ca is not applicable. Micas are a major reservoir for crustal Li and are present in the basement rocks. By contrast, the postore fluids have substantially lower Li concentrations that are only some 25 percent higher than those expected from evaporated seawater. This suggests they have undergone interaction with clay of mica-bearing lithologies to a substantially lesser degree than the ore fluids.
Implications for the Models for Irish Base Metal Mineralization
The evidence from the composition of the fluid inclusions, reported here and in previous publications, points to the presence of two fluids at the time of mineralization. There is no evidence of a single fluid that evolved to higher temperature and lower salinity, as required by the model of Lydon (1986) . Fluid 1, the fluid carrying ore metals, was seawater that evaporated to high salinities, but did not reach halite saturation. This fluid lost Na and Mg and gained K, Li, and Ca by waterrock interactions with feldspars and micas, and through dolomitization. Fluid 2 was a residual brine that originated from evaporated seawater that had reached halite saturation. The Na and K concentrations in Fluid 2 are what would be expected from seawater evaporating to this extent and the only major alteration in the cation concentrations was likely to have been exchange of Mg for Ca during dolomitization. This fluid did not react with the same lithologies as the ore fluid.
A fluid inclusion study of veins in Lower Palaeozoic rocks in the Silvermines district (Everett et al., 1999a, b) found high-salinity fluids equivalent to those in the nearby Silvermines deposit. Cation analysis showed that they were most probably modified seawater. Analyses of the halogens in these same samples (Gleeson et al., 1999) show that they plot on the seawater evaporation line and are almost coincident with the fluids from Silvermines. A few samples had lower Cl/Br ratios and are equivalent to the diluted residual brines in this study. Thus, there is a clear link between the ore fluids and fluids in the fractured basement beneath the Silvermines deposit. Fluid flow into the basement is also supported by Pb and S isotope studies of ore from the Irish deposits (Caulfield et al., 1986; O'Keeffe, 1986; LeHuray et al., 1987; Anderson et al., 1989; Dixon et al., 1990; Boyce et al., 1994 ) that indicate that the Pb and the minor hydrothermal component of S were basement derived.
CONSTRAINTS ON THE ORIGINS OF FLUIDS FORMING IRISH Zn-Pb-Ba DEPOSITS
Fluid inclusion studies indicate that the fluids responsible for many of the Irish Zn-Pb deposits have similar salinity and temperature characteristics. The model of Hitzman and Beaty (1996) invokes regional flow of formation waters expelled from the southern Old Red Sandstone basin to explain these deposits. This could have been a saline fluid equivalent to that recorded here but, although the issue of salinity is not directly addressed, it is inherent in this type of model that such formation waters acquire the bulk of their salinity through evaporite interaction (Garven et al., 1999) , which is contradicted by our data. Furthermore, isotopic evidence strongly suggests that such formation waters started as meteoric waters, rather than as marine waters (Sheppard, 1986) with salinity derived from evaporite interaction, again in contradiction to our data. Nonetheless, assuming a similar origin of the fluid to that proposed here, the driving force of Hitzman and Beaty (1996) was a hydraulic head provided by high topography, 100s of kilometers to the south of Ireland, developed during the Variscan Orogeny. There is compelling evidence, however, to show that mineralization was late Tournasian/early Visean (Boast et al., 1981b; Banks, 1985; Ashton et al., 1986; Boyce et al., 1999) and emplaced well before the Variscan Orogeny. In addition, the composition of fluids in Variscan veins hosted by the Old Red Sandstone north and south of the Variscan front (Wen et al., 1996; Meere and Banks, 1997 ) is quite different from those in the basement veins (Everett et al., 1999b) and from those found in the ore deposits. Overall, we believe that there is no evidence to suggest that a regional fluid flow event from the south was responsible for mineralization.
If, as we suggest, evaporated seawater was involved, then we have to explain how seawater reached such a high salinity in the different deposits spread over most of the Irish midlands. Either salinity was increased by water-rock reactions and the production of hydrous minerals, or there were preexisting areas of high-salinity seawater, produced by evaporation, that formed the recharging fluids responsible for mineralization. The first case would require widespread alteration and hydration of the basement rocks or the Old Red Sandstone. In fact, the Old Red Sandstone has only been altered close to the ore deposits (Mallon, 1997) , which also counters the Lydon (1986) model that would have produced extensive alteration of the Old Red Sandstone. To increase the salinity from that of seawater to approximately 15 wt percent would require removal of about 75 percent of the water. In a fluiddominated system, this is very unlikely to have occurred by hydration reactions. We favor the explanation that large areas of evaporated seawater were present at the surface during the Tournasian-Visean. Figure 1 indicates the broad Irish paleogeography at and before the time of mineralization. Extensive lagoonal facies existed at this time, partly bounded in the east and north by the Longford Down and Leinster massifs, and which covered much of the north and central Irish midlands (Lees, 1961; MacDermot and Sevastopulo, 1972; Boyce et al., 1983b; Philcox, 1984) . There is also clear evidence of the presence of evaporite minerals in the mine sequences at Silvermines (Boyce, 1990) and Navan (Anderson et al., 1998) . In addition, there is evidence of more than 1 m of evaporites in the northwest and north central Midlands during the midTournasian (Phillips and Sevastopoulo, 1986) . We therefore envisage that these conditions favored the generation of the high-salinity seawater (Fluid 1), and that the higher-salinity residual brine (Fluid 2) originated in small, restricted basins where evaporation could proceed past halite saturation.
Conclusions
By using a crush-leach technique to extract and analyze the composition of fluid inclusions, we have been able to determine the type of fluids present during base metal mineralization in Ireland. This study has shown that the fluid responsible for mineralization in Ireland was evaporated seawater. Similar fluids are present in basement veins (Everett et al., 1999a) and provide a link between the mineralization and potential source regions for the ore metals, consistent with the suggestion of Russell (1978) that metals were leached from basement rocks by seawater. We suggest that the large volumes of high-salinity fluids required for ore deposition could only have been obtained by evaporation of seawater (probably on extensive shelf areas) prior to their downward penetration into the crust during periods of extension. The highersalinity fluid that produced the hydrothermal dolomite was likely seawater that had evaporated and precipitated halite in closed basins close to the sites of mineralization.
